Background: Since the 1970s, a range of facial, neurostructural, and neurocognitive adverse effects have been shown to be associated with prenatal alcohol exposure. Typically, these effects are studied individually and not in combination. Our objective is to improve the understanding of the teratogenic effects of prenatal alcohol exposure by simultaneously considering face-brain morphology and neurocognitive measures.
F ETAL ALCOHOL SPECTRUM disorders (FASD) is
an umbrella term that encompasses the range of deficits that arise from the teratogenic effects of in utero alcohol exposure. At the more severe end of the spectrum is fetal alcohol syndrome (FAS) characterized by distinctive facial dysmorphology, neurocognitive deficits, and growth delay (Hoyme et al., 2016) . The diagnosis of FAS strongly relies on the identification of specific facial features during a thorough dysmorphology examination undertaken by specialist clinicians. Facial features can often identify individuals at the severe end of the FASD spectrum, but a significant proportion of alcohol-exposed individuals do not present a clear set of phenotypic traits (Jones et al., 2010) . Heavily exposed (HE) individuals with significant in utero exposure to alcohol but without clear facial dysmorphia often go undiagnosed and so fail to receive appropriate support that can be offered to both child and parent. Depending on which guidelines are used for clinical diagnosis, classification without facial features will rely on other criteria regarding confirmed alcohol exposure, central nervous system (CNS) abnormalities, and/or a pattern of neurocognitive impairments (Chudley et al., 2005; Hoyme et al., 2016) . The HE subgroup accounts for the vast majority of affected individuals. Some estimates suggest the incidence rate is an order of magnitude greater than that for FAS (May et al., 2000) .
Previous studies using dense surface model (DSM)-based shape analysis have delineated atypical facial morphology for a variety of conditions (Chinthapalli et al., 2012; CoxBrinkman et al., 2007; Hammond et al., 2005; Heulens et al., 2013) . DSMs have an advantage over traditional landmark-based analysis in their potential to assess variation across the entire face surface, utilizing 3D shape rather than linear and angular measures or even colocation of landmarks. In previous alcohol-related studies (Suttie et al., 2013 , we focused on facial dysmorphism across the FASD spectrum with the aim of improving the clinical recognition of associated facial features. In particular, using DSM analysis of facial form, we successfully discriminated between FAS and control individuals and induced partitions of HE subsets into subgroups with FAS-like and control-like facial dysmorphism and corresponding neurocognitive performance.
Facial and brain dysmorphia associated with FASD have been well characterized independently in the literature. Only a handful of studies to date have investigated correlations between them (Roussotte, 2012; Yang et al., 2012a,b) . Notably, previous work utilizing DSMs (Lipinski et al., 2012) introduced a simultaneous analysis of face and brain in a murine model of in utero ethanol (EtOH) exposure at 2 time points (gestational days 7 and 8.5) and concluded that stage-specific EtOH exposure caused a unique pattern of face-brain dysmorphism. While human studies can never provide alcohol exposure data with such precision, it remains important to understand face-brain correlations in alcohol-exposed populations. In this study, we introduce and apply combined DSM (CDSM) techniques for facebrain shape analysis.
The deleterious and disproportionate effect prenatal alcohol exposure is thought to have on corpus callosum (CC) development (McGee, 2005) justifies its selection as a component to evaluate when undertaking combined face-brain analyses. The CC is the largest myelinated midline structure in the brain primarily responsible for interhemispheric communication. A range of morphological defects have been identified among individuals with prenatally alcohol exposed (PAE): reduced callosal volume (Archibald et al., 2001; Sowell et al., 2001) ; CC displacement (Sowell et al., 2001 ); reductions in regional callosal thickness (Yang et al., 2012b) ; and shape anomalies at the splenium (Bookstein et al., 2007) . Additionally, the incidence of partial or full agenesis of the CC in PAE individuals is thought to be of the order of 6.8% (Riley et al., 1995) . The resulting disruption in development has been associated with a range of neurocognitive and neurobehavioral deficiencies in learning, verbal memory, executive function, social cognition, and attention (Mattson et al., 2011) .
The diagnostic categories used in this analysis refer to unexposed or minimally exposed controls and 2 alcoholexposed groups: FAS and nonsyndromal HE. FAS individuals were diagnosed using criteria outlined in Table 1 , requiring confirmation of facial dysmorphism and neurocognitive deficit as well as growth and brain defects. The HE classification is used where PAE is confirmed, but clinical requirements for a FAS diagnosis are not met. Individuals in the HE subset remain clinically challenging due to the absence of identifiable characteristic criteria, so they may not receive a diagnosis that acknowledges the contributions of PAE to their neurodevelopmental impairments.
Study Population
The Collaborative Initiative on Fetal Alcohol Spectrum Disorders (CIFASD) consortium has recruited several thousand participants who completed clinical examinations, neurobehavioral profiles, 3D face images, and MRI scans. For this study, 119 participants were available, the majority from a recently described Caucasian cohort , and some additional subjects of Latin American descent. For each participant in this analysis, we require clinical data, a 3D facial image, and an MRI image acquired at a time point close to that of the face. The interval between MRI and 3D face data acquisition is on average 3 months (SD 4.5 months) with those of >9 months excluded from the study. CIFASD recruited participants from 4 sites across the United States: San Diego (SD), Los Angeles (LA), Atlanta (ATL), and Minneapolis (MN). Self-reported ethnicity data collected for all participants revealed 28 to be of Latin American descent and the remaining of European ancestry. Diagnostic categorization partitioned the data set into the following classifications: control (n = 47); FAS (n = 22); and HE (n = 50). We also use the term "exposed" for the aggregation of HE and FAS. ≥1 of 2
Neurobehavioral impairment
Behavioral or cognitive deficit -FAS is diagnosed with or without exposure requiring 2 or more cardinal facial features, growth deficiency ≤10th percentile, and the presence of a brain defect. The HE category does not necessitate traits other than excessive maternal alcohol intake (minimum 7 oz absolute alcohol per week (≥14 standard drink measures) or occasional binges of 5 or more drinks).
Clinical Assessment
Subjects with a history of brain injury, genetic disorders, and non-alcohol-related neurocognitive deficits were excluded from the study. Each child was examined for growth deficits and FAS facial features independently by a single expert dysmorphologist (KLJ), applying the Hoyme criteria for FASD diagnoses (Hoyme et al., 2016) . Philtrum smoothness and upper lip vermilion thickness were scored using the Astley lip-philtrum chart (Astley and Clarren, 2001) , and palpebral fissure length (PFL) was measured in millimeters manually by the assessing clinician using a ruler. Maternal alcohol consumption data for timing and dose were not always available. However, confirmation of excessive alcohol consumption comparable to alcohol abuse patterns was recorded for all subjects within the "exposed" groups. The control group also includes 3 individuals with reported "minimal" alcohol exposure, where maternal alcohol intake is negligible (<1 standard U.S. drink per week on average and never >2 on any occasion) and does not represent a significant risk to neurodevelopment.
Standardized batteries of neuropsychological tests were also undertaken, with 70 subjects evaluated using the Differential Ability Scales, Second Edition (DAS-2; Elliott, 2007) , and the California Verbal Learning Tests for Children (CVLT-C; Delis et al., 1994) as part of a larger battery. The DAS-2 consists of a series of cognitive subtests measuring verbal, nonverbal, and spatial reasoning abilities. The DAS-2 yields a measure of general cognitive ability (GCA) with qualities similar to an intelligence quotient (IQ) score. The CVLT-C is a comprehensive measure of verbal learning and memory.
MATERIALS AND METHODS

Imaging Protocols
3D facial images were captured using a commercial 3D camera (www.3dMd.com) producing 180-degree ear-to-ear images and more than 25,000 mesh points at submillimeter accuracy (geometric resolution <0.2 mm). Each participant had their 3D photograph taken as part of the clinical assessment. Using in-house software (FaceMark), the first author manually annotated each face surface with a sparse set of 24 reliable anatomical landmarks (Gwilliam et al., 2006) (Fig. S1 ). High-resolution T1-weighted MRI images were captured across all 4 sites using 3T scanners. In MN and ATL, volumes were collected from a 3T Siemens TIM Trio whole-body magnet, with repetition time (TR) = 2,170 ms, echo time (TE) = 4.330 ms, flip angle = 7°, matrix size = 256 9 256, field of view (FOV) = 256 mm, and voxel size = 1 mm. In LA, images were acquired from a 3T Philips Achieva magnet with TR = 6.767 ms, TE = 3.196 ms, flip angle = 8°, matrix size = 256 9 256, FOV = 256, and voxel size = 1.2 mm. In SD, images were acquired from a 3T GE Discovery MR750 magnet with TR = 7.648 ms, TE = 3.040 ms, flip angle = 8°, matrix size = 256 9 256, FOV = 256, and voxel size = 1.0 mm.
CC Extraction
Each brain MRI was registered to MNI152 space via FSL's FLIRT (Jenkinson et al., 2012) . From a midline slice, a segment was generated from the posterior aspect of the genu to the inferiormost point of the splenium, for both superior and inferior parts of the CC (Fig. S2A) . The segments were concatenated to form a continuous midline contour of the CC (Fig. S2B) . Equidistant +/À Z points were generated at a fixed distance either side of each vertex, and the original contour points were combined to create a thin, artificially triangulated, ribbon-like mesh (Fig. S2C) , with surface normals computed from the vector product of created edges. An unweighted, sliding-average smoothing algorithm was applied to eliminate noise from the mesh. Three manually placed landmarks (lower point of the splenium, tip of the genu, and the midpoint of the superior arch) were used to generate a clipping plane through the midline of the 3D surface. Surface geometry was extracted from the intersecting points within this plane to produce an accurate representation of a midline contour. The contour was used to produce 30 additional equidistant semilandmarks between the 3 original points, calculated using equal geodesic separation on the shortest path along the contour. The resulting semilandmarks comprise 10 from genu to midsuperior point, 10 from the midsuperior point to the splenium, and 10 on the inferior arch from genu to splenium (Fig. S2D) .
CN Extraction
Raw MRI images were segmented using an automated multiatlas pipeline developed by researchers from the Translational Imaging Group at University College London. Twenty control MRI atlas images containing 67 manually delineated regions were obtained from the Biomedical Image Analysis Group at Imperial College London (www.brain-development.org). Employing an open source image processing tool, NiftyReg (Modat et al., 2010; Ourselin et al., 2000) , we applied an initial image affine registration and nonrigid registration prior to segmentation. Using the multi-STEPS (Multilabel Similarity and Truth Estimation) algorithm in NiftySeg (Jorge Cardoso et al., 2013) , a multiatlas-based propagation process calculated accurate parcellations for each subject. Thresholding the image as per the original atlas images segmented the CN. The selected region contains the extracted body of the nuclei, omitting the interconnected tail and putamen regions. MicroView (http://mic roview.parallax-innovations.com), a freely available 3D image viewer and analysis platform, was used to compute the left and right 3D surfaces of the CN which were annotated with 6 landmarks using in-house software.
Dense Surface Modeling
DSMs of individual face and brain components were built using in-house software . DSM applies a principal component analysis (PCA) to represent the covariation of thousands of densely corresponded points, after surface alignment and thin-plate spline warping (Bookstein, 1997) using the sparse set of manually placed anatomical landmarks (Fig. S1 , S2D, and S3). Single DSMs resynthesize individual 3D surfaces as a weighted linear sum of principal components (PCs) that account for 99% of the shape variation. The standard Euclidean-based metric determines distance and overall shape difference between vectors of weights synthesizing individual faces and average faces of homogeneous groups. To analyze morphological covariance between face and brain structures, we apply a technique-based on active appearance models (Cootes et al. 1998 ) which originally provided a method to apply PCA to pixel intensity information while taking into account shape variation. Following Cootes and colleagues (1998) , independent vectors of PC values from separate DSMs covering 100% of shape variance are concatenated before undergoing further PCA analysis of the combined representation. A commensuration factor is applied to the model to account for the difference in variance of both models. The resulting CDSMs of the separate anatomical components produce PC values expressing shape variance for both structures.
For separate face and brain DSMs, and for combined face-brain, we applied multifolded classification techniques: closest mean (CM), linear discriminant analysis (LDA), and support vector machines (SVM) in a supervised learning fashion to classify individuals and groups previously categorized clinically. For example, for CM classification, we calculated the relative similarity of a face, brain, or face-brain surface to the average control or mean FAS subgroup face to discriminate between sets of unseen randomly sampled test examples across 20 cross-validation trials. We determined discrimination between 2 diagnostic subgroups in terms of the mean area under the receiver operating curves (ROC) of the 20 trials, representing the probability of correctly classifying a pair of randomly selected faces (or brains or face-brain pairs) with each of the pairs from a different diagnostic subgroup. Additionally, we estimated the equal error rate (EER) for each ROC to determine classification performance relative to the true-positive rate. EER is defined as the point on the ROC where true-positive and false-positive rates are equal, which we summarize as an average across each of the 20 splits for each classification algorithm.
Individual face and brain signatures are calculated as displacement normalized with respect to displacements at corresponding points on age-matched reference surfaces. In this study, we use 35 consecutively aged controls as references surfaces, and for the construction of age-matched means for individual and FASD group comparisons. Running means generated in this data set do not cover the age range of the entire alcohol-exposed population. Consequently, those >6 months from their closest generated reference mean are excluded. To portray directional surface displacement, we produce signatures as heat maps representing normalized shape for lateral, vertical, and depth axes. For pairs of signatures, we compute a signature distance by calculating the difference in dysmorphism as the square root of summed squared differences across all surface points. Each signature in the data set is linked to its closest signature by distance creating signature clusters themselves linked by closest signatures forming a connected signature graph ) drawn using GraphViz. 4.2 (Ellson et al., 2002) .
Asymmetry Analysis of the CN
Asymmetry of a biological component is typically analyzed by comparing original and reflected forms (Hennessy et al., 2005; Klingenberg et al., 2002) . Similar to previous DSM asymmetry analyses (Hammond et al., 2008; Postema et al., 2017; Schoot et al., 2017) , we generated a reflected form of each caudate surface and swapped the left-right landmarks before resampling the surface, effectively generating a dense correspondence of surface points on both left and right sides of the caudate. To consider asymmetry, we constructed a DSM of the combined set of original caudate surfaces and their reflected forms and computed as a simple measure of asymmetry (asymmetry index) as the generalized Euclidean distance between the DSM-based vectors representing each caudate and its reflected form.
The relation of caudate asymmetry indices with DAS-2 and CVLT-C neurocognitive test outcomes was examined for each individual. To determine statistical significance, we computed 2-tailed Pearson's correlation coefficients for correlations between the caudate asymmetry indices and each of the age-adjusted variables of the CVLT-C and DAS-2 tests.
RESULTS
Cohort Characteristics
The male-female split for the 119 subjects was balanced without age distribution differences for FAS and control groups. However, the HE group has a significant majority of male subjects (72%). As expected, we observed the presence of diagnostic severity dependent effects: for head circumference, FAS < HE & control; for height and weight, FAS < HE & control; and for volumetric brain measures (left and right caudate volumes and total intracranial volume), FAS & HE < control. Sample characteristics are detailed in Table 2 .
Face-Brain Growth and Prenatal Alcohol Exposure
For the controls in this study, PC1 for DSMs based on the face (and facial regions) correlates with age (r 2 = 0.35; p < 0.0001) and hence reflects growth, with FAS significantly smaller (p < 0.00005) and HEs marginally smaller than controls (Fig. 1) . Similarly, these group differences are observed for each of the brain models. In the CC-only DSM, PC1 is representative of growth but does not correlate with age or follow the typical trajectory seen in the face (Fig. 2) . However, CC PC1 values show significantly reduced growth for FAS (p < 0.00001) and HE (p < 0.03) compared to controls. PC1 for the CN-only DSM has a strong correlation with caudate volume (r 2 = 0.75) for controls and exposed groups and shows significantly reduced growth for FAS (p < 0.00001) and HE (p < 0.002) compared to controls (Fig. 3) .
Control-FAS Discrimination Based on Face or Brain Morphology Alone
We determined agreement of control-FAS clinical categorization with multifolded discrimination based on surface shape alone using the full face and smaller localized regions. Each of the 20 folds employed a randomly sampled 90% training set and a 10% unseen test set. The same approach was used for the CC and CN, and left-right segments of the latter. Three supervised learning algorithms (CM, SVM, and LDA) produced discrimination results that were highly concordant with clinical diagnosis (Table 3) for both midline facial regions (profile, philtrum, nose, and upper lip vermilions) and nonmidline regions (face, eyes, mandible, and malar). Generally, the CC and CN (both whole and left and right segments) are discriminated as accurately as the facial regions. EERs for each of these tests are shown in the Table S5 .
Control-FAS Discrimination Based on Combined Face-Brain Morphology
Concordance of clinical diagnosis with control-FAS shape-based discrimination for combined face-brain models was determined as for face and brain separately (Table 4) . When combining face and CC, we observed equal or marginally improved results compared to face and CC separately. To simplify the results table, and to show where improvements in accuracy occur, Figs 4 and 5 plot combined face-brain versus face-only discrimination results for each facial region. Notably, face-brain combinations show the greatest increase over face-only discrimination rates when combining CC with midline facial structures, nose, lip vermilion, profile, and philtrum (Fig. 4A ). Combining CN with the face increased classification accuracy for the eyes and whole face (Fig. 4B) compared to face only. However, improved discrimination rates occurred when combining left CN with facial regions (Fig. 5) . EERs for each of these tests are shown in the Table S6 .
Signature Graphs of CN and Face Partition the HE Subgroup into FAS-Like and Control-Like Subsets
In previous studies (Suttie et al., 2013 , face-based signature graphs containing individuals with PAE partitioned HE subgroups into FAS-like and control-like subsets, which are correlated with cognitive impairment. We repeated the same approach here to produce signature graphs of exposed individuals using single surface models for both brain components and the full face. Reassuringly, Fig. 1 . PC1 versus age for face, suggesting reduced growth for fetal alcohol syndrome (FAS) (p < 0.0001) and marginally lower for heavily exposed (HE) (p < 0.06). Values represent mean AE SD or %. F statistic is produced from single factor ANOVA testing. Dose-dependent relations for head circumference: fetal alcohol syndrome (FAS) < heavily exposed (HE) and controls (p < 0.001), height and weight: FAS < HE and controls (p < 0.03), BMI FAS < HE and controls (p < 0.01), PFL FAS < HE and controls (p < 0.0001), flat philtrum and thin vermilion FAS < HE and controls (p < 0.05), and FSIQ FAS and HE < controls (p < 0.0006). Diagnostic severity relations for brain measures: left and right caudate volume FAS and HE < controls (p < 0.001), total intracranial volume FAS < control (p < 0.002), and HE < control (p = 0.03). There were no significant left-right caudate volume differences for any of the groups either controlled by gender or mixed.
the face signature graph produced a partition of the HE group into FAS-like and control-like subsets (Fig. S4 ) that recapitulated previous results with 22 subjects with an affinity to the FAS cluster and 21 others. The signature graph for the (entire) CN (Fig. 6 ) partitioned the HE subgroup into 17 subjects with an affinity to the FAS cluster and 25 others. There was a 66% overlap (12/17) of FAS-like HE partition from the face-only graph (Fig. S4 ) with the CN graph. As this data set contains small numbers of controls for each site group, we are unable to generate age-sitematched means to control for the different scanner systems used for acquisition. Instead, we construct the same graph labeling each node by site rather than diagnosis to determine whether site difference is influencing node connectivity. Using a collapsed form of site-labeled graph (Fig. S6), we can calculate an entropy-like measure, dispersion index, to summarize clustering association or dispersion of members of each site (Hammond et al., 2012a,b) . Site dispersion coefficients (l AE CI 95%) for the CN of the exposed subset for each site are SD = 0.77 AE 0.03, MN = 0.80 AE 0.04, LA = 0.79 AE 0.06, and ATL = 0.96 AE 0.07, suggesting there is no site-based affinity influencing the caudate signature graph.
For the FAS-like subcluster of HE individuals induced in the CN signature graph, we generated mean facial signatures for all 3 axial displacement comparisons (Fig. 7B) . These show notable similarity to corresponding FAS mean face signatures (Fig. 7A) , demonstrating FAS-like dysmorphism for both face and caudate shape. We also classified this induced mean face against the control and FAS subsets Fig. 2 . PC1 versus age for corpus callosum suggests reduced growth for fetal alcohol syndrome (FAS) (p < 0.00001) and heavily exposed (HE) (p < 0.03) compared to controls. showing it to be closer to the FAS mean than the control mean for each facial region other than the periorbit (Fig. S5) .
Application of the same signature graph-based analysis to the CC failed to induce any clustering of HE individuals among FAS nodes. Instead, both HE and FAS nodes were dispersed evenly across the graph indicating a lack of homogeneity in both groups.
CN Left-Right Asymmetry
In the control-FAS classification results stated above and shown in Table 4 , we demonstrated improved discrimination rates combining the left caudate with facial regions, compared to combinations with the right caudate. This suggests that asymmetry of the CN may play a role in control-FAS discrimination.
We observed a significantly reduced left-right CN asymmetry ( Fig. 8A ; p < 0.002) in the FAS group (l = 10.5 AE 1.59 SD) compared to the controls (l = 12.1 AE 1.9 SD). In contrast, the HE group (l = 11.5 AE 1.9 SD) shows degrees of asymmetry, which on average are closer to that of controls (Fig. 8B) . Within the FAS and control subsets, asymmetry indices between sites showed no significant differences (Table S1) .
Localized regions of left-right asymmetry can be visualized by heat mapping displacement differences between the meanreflected surfaces for each group against the originals (Fig. 9) . From the mean original-reflected differences, we observe localized directional asymmetries along the anteroposterior (depth) and craniocaudal (vertical) axes. The depth axis for the control heat map shows localized directional displacement on the inferior part of the caudate. This localized asymmetry is also evident in the FAS group but to a lesser degree, but is absent in the HEs. A vertical axis comparison shows control growth in a localized region of the superior part of the left caudate compared to the right, which is absent in exposed groups. It should be noted that the asymmetry index refers to the magnitude of asymmetry, whereas mapping the originalreflected displacement shows the mean direction of asymmetry across the group. Thus, while the mean asymmetry index of HEs is comparable with controls, we do not see the same distinctive directional asymmetry in Fig. 9 , indicating this asymmetry is heterogeneous and not 1-sided.
Caudate Asymmetry Correlations with Neurocognitive Performance in Prenatal Alcohol Exposure
We have shown how the exposed population expresses less asymmetry of the caudate compared to controls. Building a DSM including only individuals with PAE (FAS n = 22; HE n = 54) showed numerous correlations between PCs reflecting left-right caudate asymmetry and neurocognitive variables. However, reliance on correlations with individual PCs is not sufficiently robust for asymmetry analysis. Instead, we test the asymmetry-cognition relationship by computing 2-tailed Pearson's correlation coefficients for correlations between the caudate asymmetry indices and each of the ageadjusted variables of the CVLT-C and DAS-2 tests. Results indicated significant correlations between asymmetry indices Full face and facial regions achieved high discrimination rates as did corpus callosum and caudate nucleus. and age-adjusted z-scores for CVLT-C tests: discriminability (r 2 = 0.15, p = 0.011); long-delay cued recall (r 2 = 0.11, p = 0.029), and short-delay cued recall (r 2 = 0.13, p = 0.027). Testing DAS-2 standardized scores and caudate asymmetry index revealed the same patterns of significant correlations for: GCA (r 2 = 0.1, p = 0.036); spatial ability (r 2 = 0.09, p = 0.045); recall of designs (r 2 = 0.1, p = 0.034); sequential and quantitative reasoning ability score (r 2 = 0.11, p = 0.024); and verbal similarity ability score (r 2 = 0.13, p = 0.017). No such correlations existed in the control population on any of the neurocognitive test variables. See Fig. S7 showing plotted correlations, Table S2 for cohort characteristics of these neurocognitive variables, and Tables S3 and S4 for an explanation of CVLT-C and DAS-2 test outcomes.
DISCUSSION
A previous study of face-brain relationships in a murine model of prenatal alcohol exposure (Lipinski et al., 2012) used a DSM approach to analyze face and brain shape simultaneously. The face and brain components were segmented simultaneously from MRI volumes and thus could be processed in a single DSM. In theory, this is possible with MRI volumes of the human head, but the pads used to restrict head movement distort the soft tissues of the face. Therefore, in this study, we used an existing data set of high-resolution facial images acquired with 3D stereophotogrammetry and segmented structural MRI images from 3T scanners of the same individuals and employed separate face and a brain surface representations to produce a series of combined models, each with a single set of PCA outputs. The resulting models represent the morphometric covariation of each brain component and the facial region linked statistically by a series of amalgamated PC values. Additionally, we focus not only on the whole face but also on the specific areas, which in FASD are shown to have greater diagnostic significance. Previous DSM studies (Chinthapalli et al., 2012; Hammond et al., 2005 Hammond et al., , 2012a Suttie et al., 2013) have shown the discriminating power of using only localized regions of the face. Previous studies have focused on face-brain relationships that exist in PAE (Roussotte, 2012; Yang et al., 2012a) . Yang and colleagues (2012a) investigated the relationship between structural abnormalities of the CC from MRI images and facial dysmorphology measures observed by specialist clinicians. Eighty-two FASD and 71 nonexposed child and adolescent subjects were recruited from 2 sites in the United States and 1 in the Western Cape, South Africa. Surface-based measurements estimated localized CC thickness and area showing significant correlations with PFL in the FASD subset; however, no correlation was found between lipometer scores and CC measures. In addition, this study observed significant positive correlations between FSIQ and total area, the area of the isthmus, and areas of the anterior third of the CC. Although not stated in the results, our study did attempt to link CC morphology with neurocognitive outcome. We found PCs representing shape morphology produced from DSMs of the CC to correlate significantly with measures of cognitive performance in the FASD subjects. However, as these values are produced from PCA shape models they do not explicitly represent specific localized shape difference and therefore not robust enough for the analysis of brain-behavior relationships. However, similar to Yang and colleagues (2012a), our study demonstrates the relationships that exist between face and brain by combining localized regions of facial morphology Fig. 7 . Comparing mean facial signatures along each axis between (A) fetal alcohol syndrome (FAS) mean (n = 22) at AE1.5 SD and (B) the FAS-like heavily exposed subset (n = 17) at AE1 SD induced in the caudate nucleus signature graph. This visualization allows us to identify regions of similar dysmorphism, malar flattening (red in midface, cols 1 & 4); philtrum smoothness (faint blue on philtrum groove, col 1); retrognathia (red on the chin, col 4); and overall size reduction (red, col 1, and lateral red-blue, col 2). The FAS-like partition on the horizontal axis (B, col 3) also shows shortening of nose (red on columella), which is a FAS-associated feature but is not visible in the equivalent FAS mean signature (A, col 3). Fig. 8 . Caudate nucleus asymmetry index (distance between DSM representations of caudate nucleus and its reflection) against age for (A) fetal alcohol syndrome (FAS) versus control and (B) heavily exposed (HE) versus control. The control group has a significantly higher mean asymmetry index (12.1) compared to that (10.5) of the FAS group (p < 0.002). In contrast, there is no significant difference between controls and HE.
with the CC. In addition, we include morphology of facial regions, which are difficult for objective measurement and not taken into account in routine FASD diagnostic examinations where only cardinal features (reduced PFL, philtrum smoothness, thinness of the upper lip vermilion) are prioritized for diagnosis.
In this analysis, midline facial regions (profile, philtrum, nose, and upper lip vermilion) and nonmidline regions (face, eyes, mandible, and malar) combined with the CC and CN in some instances are more concordant with clinical classification for a control-FAS dichotomy. Midline facial regions combined with a midsagittal representation of the CC performed better the nonmidline facial regions, improving control-FAS classification testing when compared to single structure models. Combining the CN with the face did not improve classification accuracy, but when dividing the structure into its respective left-right halves, we determined noteworthy improvements using the left caudate combined with all regions except the nose. In all combined testing, we demonstrated that both brain structures improve control-FAS classification accuracy when combined with the lip vermilion.
Exposed populations show a significant reduction in bilateral CN volume as a proportional decrease relative to intracranial volume (Archibald et al., 2001; Astley et al., 2009; Joseph et al., 2014) . It is evident from our PC1 representations and calculated volumes of the CN that growth is diminished in exposed populations. However, our models do not control for total intracranial volume. As reported in the literature, the CC does not show consistent volume change with age (Pfefferbaum et al., 2013) . Likewise in our analysis, growth trajectories from PC values did not correspond with the associated face-age trajectory (Suttie et al., 2013) .
Given that the combined classification testing for left and right caudate differed so much, it is fair to hypothesize leftright asymmetry differences between FAS and control groups. Using a methodology previously utilized in DSM studies of facial asymmetry in autism spectrum disorders (Hammond et al., 2008) and the effects of different cancer treatment strategies (Schoot et al., 2017) , we calculated measures of asymmetry for the CN, which on average shows control CN to be more asymmetric compared to the FAS group. This is not the case for the HE subset, which shows no significant asymmetry index difference from controls. An axial displacement heat map showing directional asymmetry along a depth axis shows a left anterior dominance in controls and similarly in the FAS group but to a much lesser extent. In the HE group, directional asymmetry is inconclusive, indicating heterogeneous asymmetry across the group. Interestingly, lower asymmetry in the caudate of the PAE group was significantly correlated with lower neurocognitive performance. Several measures from the CVLT-C memory test and the DAS-2 general cognitive test are significantly correlated with the caudate asymmetry index value. This finding supports the notion that brain-behavior relationships exist in the particularly vulnerable structures in individuals with PAE. More specifically, asymmetry of the caudate appears to be strongly associated with GCA, verbal learning, and recall in those with PAE. Previous studies have also identified brain-behavior relationships that exist in children with a history of PAE (Coles et al., 2011; Fryer et al., 2012; Gross et al., 2018; Roussotte, 2012) ; however, these are typically based on volumetric reductions. Fryer and colleagues (2012) observed that the most consistent and significant associations were recorded for the bilateral volume of the CN with all cognitive variables recorded. This remained a significant predictor of cognitive performance, even after accounting for confounding variables (total brain volume, IQ, and age).
In a previous study, Sowell (2002) reported individuals with PAE to have reduced asymmetry of the cortical surface and gray matter density compared to controls, indicating that the development of typical brain asymmetry can be lost in exposed populations. As craniofacial development and neural development are intrinsically linked, it seems natural for asymmetry of one to be reflected in the other. However, contrary to our findings and those of Sowell and colleagues (2001) a study of facial asymmetry (Klingenberg et al., 2010 ) observed significant differences in directional asymmetry of individuals with a FAS diagnosis compared to controls, in both a Finnish and a South African population. In this landmark-based study, average directional asymmetry was identified as a midline landmark shift to the right and of the eyes to the left. In our study of the CN, it is perhaps the deep location of this structure within the brain that disengages its relationship with the midline of the face. There is a higher likelihood that asymmetry of the brain will influence or cooccur with that of the face when regions of focus are directly adjacent (Hammond et al., 2008) .
Previous studies of the CNs, with mention of left-right differences, predominantly focus on volumetric asymmetry (Archibald et al., 2001; Astley et al., 2009; Fryer et al., 2012; Hynd et al., 1993; Nardelli et al., 2011; O'Dwyer et al., 2016; Willford et al., 2010) . Willford and colleagues (2010) produced a study focusing on asymmetry of the CN in offspring of mothers who drank alcohol in moderate quantities during pregnancy. A population of young adults (n = 45; 18 to 22 years) were recruited for this MRI study and separated into 3 groups based on their trimester-dependent prenatal alcohol exposure: controls (no alcohol exposure, n = 20); 1T (first trimester only exposure, n = 15); and 3T (exposure throughout all 3 trimesters, n = 10). The authors calculated the magnitude of asymmetry by subtracting the left caudate volume with the right and dividing by the total ([L -R]/ [L + R]). The resulting analysis found dose-dependent effects with the 3T groups showing a statistically significant leftward bias in caudate asymmetry compared to 0T, with the 1T group being an intermediate between the 0T and 3T groups but statistically nonsignificant compared to either. Additionally, this study controlled for tobacco and marijuana use concluding that neither of these significantly affect caudate volume or asymmetry. Although this study was thorough in controlling for influencing factors, results were limited by small sample size reducing the statistical power.
The FAS group demonstrated a significant, and more consistently reduced left-right CN asymmetry compared to controls. This is most likely because, to create the craniofacial features of FAS, alcohol exposure must occur in the third to fourth weeks of human development. At this stage, the tissues that will make up the brain and face are still developing as a single structure, which is why craniofacial dysmorphology frequently accompanies striatal and other rostral midline brain structure abnormalities (Donald et al., 2015; Godin et al., 2010 Godin et al., , 2011 . The less consistent effects in the HE group suggest that alcohol exposure occurred during later stages of development. This could be expressive of the severe craniofacial effects in FAS children largely resulting from prenatal alcohol exposure in a narrow time window, while the CN (and many other regions of the brain) are susceptible over a much wider period. The fact that EtOH exposure seems to have a more significant effect on the left CN has also been observed in a mouse model of early gestational alcohol exposure, where both sides of the CN were affected, but there appears to be a slight leftward bias, possibly due to the differential left-right sonic hedgehog concentration gradients present in early embryos (Fish et al., 2016) .
Determining correlations between localized facial region, structural brain anomalies, and cognitive outcomes is important as it could ultimately provide insight for clinicians to determine the extent of neurostructural damage by morphometric analysis of the face. This study has focused on 2 regions known to be disproportionally affected by alcohol teratogenesis, and future studies should apply DSM analysis to lesser affected brain structures to determine whether subtle face-brain relationships are present and whether further brain-behavior associations can be supported. It is important to emphasize that MRI image analysis is highly unlikely ever to be part of the routine diagnosis of FASD. However, its use in face-brain analysis might help identify subtle facial dysmorphism associated with neurological pathologies in FASD individuals, particularly the HE population where recognition of facial effects is challenging for even experienced clinicians.
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